ABSTRACT: Controlled phase transformation involving biomolecular organization to generate dynamic biomimetic selfassembly systems and functional materials is currently an appealing topic of research on molecular materials. Herein, we achieve by ultrasonic irradiation the direct solid−solid transition of bioinspired dipeptide organization from triclinic structured aggregates to nanofibers and eventually to monoclinic nanobelts with strong polarized luminescence. It is suggested that the locally high temperature and pressure produced by cavitation effects cleaves the hydrophobic, π−π stacking or self-locked intramolecular interactions involved in one phase state and then rearranges the molecular packing to form another well-ordered aromatic dipeptide crystalline structure. Such a sonication-modulated solid−solid phase transition evolution is governed by distinct molecular interactions at different stages of structural organization. The resulting crystalline nanobelts are for the first time applied for polarization imaging of cells, which can be advantageous to directly inspect the uptake and fate of nanoscale delivery platforms without labeling of fluorescent dyes. This finding provides a new perspective to comprehend the dynamic evolution of biomolecular self-organization with energy supply by an external field and open up a facile and versatile approach of using anisotropic nanostructures for polarization imaging of cells and even live organisms in future.
INTRODUCTION
Self-assembly, widely existing in nature at all scales, plays crucial roles in preparation of functional architectures and in elucidating the complex life evolution process.
1,2 Peptide selfassembly provides an effective approach to mimic and understand living systems because of their good biocompatibility, responsiveness to external stimuli, and versatile structural programmability. 3−11 One key feature of real-life systems is that they are often not in thermodynamic equilibrium but in kinetically trapped metastable states determined by the selfassembly pathway, which significantly enriches the complexity and functionality. 12, 13 The primary reason is that molecular selfassembly is the result of synergism of multiple noncovalent interactions between building blocks, which are reversible and dynamic in nature.
14 Therefore, increasing attention has been paid to phase transformations involved in artificial biomimetic self-assembly systems. 15−18 Sol, gel, and crystal are the phases most studied in the field of peptide self-assembly. In general, phase behavior can be modulated by external stimuli such as solvent, pH, temperature, and ion strength. 3,19−21 In the past decades, many efforts have been devoted to phase transitions focusing on sol−gel, gel−crystal, gel−sol, and even sol−gel− crystal transformations confirmed by morphology changes and diffraction. 17,22−26 Recently, the solid−solid phase transformation has come up as a promising area because not only is it more effective for the controlled self-assembly with desired functions but also it provides insight into the dynamic evolution process in life evolution. 27, 28 For example, Li et al. achieved the tunable phase transformation from self-assembled organogel to a well-defined crystal utilizing cryogenic treatment. 29 However, the realization and underlying mechanism of a solid−solid transition is usually difficult because of the high local energy minimum in a crystalline phase connected with little mobility. Thus, extreme conditions (high or low temperature/pressure) are required for these transitions to occur, and high-resolution measurements are needed to capture intermediate states of the transformations. Therefore, it is mandatory to explore an effective strategy and simple yet comprehensive model systems to achieve such a phase transformation and unravel the underlying molecular mechanisms.
Ultrasound has been used as an effective tool to fabricate hydrogels of biomolecules and induce the gel−gel transition because ultrasonic irradiation can break intramolecular interactions and locally high temperatures allow molecular rearrangement into stronger intermolecular interactions. 30−33 Suitable conformation changes may then play a crucial role in directing the molecular self-assembly behavior. It is hypothesized that a sample in one well-organized state can be converted into other newly ordered or disordered architectures taking advantage of the extreme local temperature and pressure generated by ultrasonic cavitation. These conditions may exist only over nanoseconds and may move the system out of a metastable state to convert it into another metastable or stable state.
Among the various biomolecules, short aromatic peptides are popular as a type of self-assembly building block because of the functions of bioactive peptides combining aromaticity and hydrophobicity of aromatic groups. 34 One outstanding case is the amyloid-derived diphenylalanine peptide modified with Nfluorenylmethoxycarbonyl (Fmoc-FF), which has been reported to self-assemble into well-defined nanofibrous structures through a multiscale hierarchical assembly process driven by various intermolecular interactions including hydrophobic interaction, hydrogen bonding, and π−π stacking. 35 Herein, we directly observed the morphological and structural transformation of dipeptide self-assembly over time under ultrasound irradiation and ultimately obtained crystalline nanobelts with narrow dispersion, which are ∼1.5 μm in length and ∼250 nm in width. Moreover, the well-organized nanobelts exhibit decent polarization imaging capability in cells (Scheme 1). This finding gives insight into the understanding of the dynamics of the self-assembly evolution process and promises more applications of bioderived anisotropic nanostructures in biomedical applications such as polarization imaging of cells and even live organisms in future.
EXPERIMENTAL SECTION
2.1. Materials. N-Fluorenylmethoxycarbonyl diphenylalanine (Fmoc-FF) was laboratory reagent grade purchased from Bachem Company. Hydrochloric acid (HCl) is a product of Beijing Chemical Works. All other reagents were purchased from Sigma-Aldrich. Water was prepared in a double-stage Millipore Milli-Q Plus purification system.
2.2. Preparation of Crystalline Dipeptide Nanobelts. Briefly, the Fmoc-FF nanobelts are fabricated by sonicating the dipeptide powder (Fmoc-FF, 2 mg) in Tris-HCl (pH = 7.5, 1 mL) for various exposure times (30 s, 1, 3, 5, and 10 min). Ultrasonic treatment was conducted by a Kunshan KQ5200DE ultrasonic instrument with the powder kept at 100 W.
2.3. Characterization. Scanning electron microscopy (SEM) images were taken with a Hitachi S-4800 SEM with samples placed on the silicon slices. A thin layer of Pt was sputtered to increase the conductivity of the samples. Transmission electron microscopy (TEM) images were recorded by using a JEM-1011 TEM with samples placed onto the carbon-coated copper grids. Atomic force microscopy (AFM) images were collected on a Bruker (USA) Dimension ion operated in tapping mode with a ScanAsyst-Air cantilever under ambient conditions. X-ray diffraction (XRD) data were collected at room temperature on a Empyrean (PANalytical, Nederland) instrument equipped with a Cu filter with Cu Kα 1 radiation (λ = 1.5406 Å). All the assemblies during the Fmoc-FF structural evolution at 2 mg/mL were spread on glass slides as films and allowed to dry at air prior to data collection. Thermogravimetric analysis (TGA) was conducted on Diamond TG-DTA6300 from room temperature to 300°C at a constant rate of 20 K/min in a nitrogen atmosphere. Different assemblies were dried under vacuum until their weights were constant prior to the TGA measurements. Crosspolarized microscopy images were acquired on an Olympus polarized microscope system BX53. The circular dichroism (CD) spectra in the range of 190−300 nm were collected by a Chirascan spectrometer at room temperature. Fourier transform infrared (FTIR) spectra were recorded by a TENSOR-27 infrared spectrometer. The hydrogels were vacuum-dried before mixing with KBr powder. The fluorescence (FL) spectra and ultraviolet−visible absorption spectroscopy were acquired using model FL-4500 and UV-2600 spectrometers.
2.4. Cell Imaging Experiments. MCF-7 cells were cultured in RPMI 1640 medium consisting of 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were incubated with 0.05 mg/mL of Fmoc-FF nanobelts at 37°C for 24 h. After washing with phosphate buffer saline (PBS) three times to remove the excessively remaining Fmoc-FF nanobelts, the cells were incubated with a freshly prepared culture medium at room temperature. Polarized light images of the mounted cells were obtained through an Olympus polarized microscope system BX53.
2.5. Rietveld Refinement for the XRD Patterns. The optimized geometry of Fmoc-FF with minimized energy is obtained at the level of ωB97-XD/6-311. The harmonic vibrational frequency calculations on the optimized geometries were also performed to ensure the structures at local minima. The optimized geometry of Fmoc-FF with minimized energy is applied to the refinement of crystalline structures in association with powder XRD data. Pawley refinement and Rietveld refinement were performed to optimize the lattice parameters. The molecular organization in the lattice is achieved by using the simulated annealing method in the Reflex Powder Solve module and further improved by Rietveld refinement in Materials Studio 8.0.
RESULTS AND DISCUSSION
The dipeptide nanobelts were prepared by ultrasound treatment of Fmoc-FF powder suspended in Tris-HCl of pH = 7.5. SEM and AFM images depict the formation process in detail. It is evident that, for the sample without sonication treatment, a large number of aggregates consisting of nanosheets were observed (Figures 1a and 2a) . In sharp contrast, such aggregates gradually disappeared upon sonication, and nanofibers with lengths of several tens of micrometers were generated ( Figure 1b) . Furthermore, the 3D AFM height image clearly displays the spatial dimensions of the nanofibers with average thickness of ∼1.2 nm (Figure 2b) . A pronounced change of the dispersion from turbid to clear indicates an instantaneous dissolution−reassembly process. With sonication time extended to 1 min, entangled nanofibrous networks consisting of interconnected nanofibers were observed, which are usually responsible for gelation (Figures 1c and 2c) . Moreover, the diameters of the nanofibers range from 20 to 100 nm, revealing the existence of nanofiber bundles. Further increasing the sonication time to 3 min, such nanofiber bundles further grew and small amounts of nanoribbons with more than tens of micrometers in length and ∼100 nm in width emerged, along with a significant change of the solution from transparent to opaque again (Figures 1d and 2d) . Upon ultrasound exposure during 5 min, substantial nanobelts that are over several micrometers in length and ∼20 nm in thickness emerged under persistent ultrasonic irradiation (Figures 1e and  2e) . Finally, well-defined short nanobelts with lengths of about 1.5 μm and widths on the order of 250 nm were obtained (Figure 1f) . Insights into the surface of such nanobelts demonstrate the stacking patterns of thin nanobelts ( Figure  2f ), which reveals their hierarchically oriented organization. TEM images further display the structural evolution from irregular aggregates to entangled nanofiber bundles to thin nanoribbons and eventually to narrowly dispersed nanobelts with small lengths and aspect ratios ( Figure S1 in Supporting Information). These observations agree well with the timedependent SEM and AFM images. All morphology results reveal that well-defined Fmoc-FF nanobelts could be achieved in a hierarchically oriented organization manner with the assistance of sonication.
XRD measurements were performed to gain insight into the formation process of dipeptide nanobelts assisted by ultrasound irradiation. As shown in Figure 3a , Fmoc-FF powder exhibits a series of weak peaks, and the indexing of these peaks yields a triclinic packing mode in the powder. The distance corresponding to the peak at 2θ = 5.22°is 16.5 Å, which is ascribed to the molecular length of Fmoc-FF monomer (as shown in Figure S2a in Supporting Information). At the initial stage of sonication treatment (30 s), the peak at 5.22°d isappeared, demonstrating a gradual dissolution process of the above sample. A new peak at 3.08°emerged, indicating the assemblies' molecular organization changes leading to the lattice changes from triclinic to orthorhombic upon sonication treatment. Further extending the ultrasonic duration to 1 min, two diffraction peaks remained in the small angle range, indicating the ordered organization of the entangled nanofibers. Such nanofibers in a quickly formed kinetically favorable metastable state can supposedly overcome a barrier for molecular rearrangement to achieve a thermodynamically more stable crystal state with assistance of local and short time energy accumulation provided by ultrasonic irradiation. By prolonging the sonication to 3 min, several new peaks appeared, and the distance ratio of the second diffraction peak to the primary one is 1:2, which reveals the formation of lamellar organization. The distance of 27.8 Å is close to the combined length of two Fmoc-FF molecules ( Figure S2b ) through stacking the Fmoc moiety, suggesting the occurrence of bilayer or interdigitated structures. Moreover, the indexing of the XRD patterns of samples submitted to 3 min sonication reveals the recurrence of a triclinic lattice. For assemblies obtained after 5 and 10 min sonication treatments, typical lamellar structures also emerged, the indexing of the diffraction pattern confirmed the formation of crystalline Fmoc-FF with a monoclinic lattice. Overall, the time-dependent XRD pattern reveals that Fmoc-FF samples underwent a dynamic solid−solid transformation from kinetically controlled metastable states to a thermodynamically favorable state.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry was carried out to probe the chemical composition, in special to answer the question if sonication changed the molecule. As shown in the mass spectrum of the assembled nanobelts ( Figure S3 Table S1 in Supporting Information and the most possible molecular organizations are shown in Figure  3b ,d. The monoclinic lattice of nanobelts consists of four Fmoc-FF molecules and is stabilized by offsetting π−π stacking along with O−H···O, N−H···N hydrogen bonds as shown in Figure 3b . With respect to the molecular organization of the starting powder (Figure 3d ), the triclinic lattice comprises two Fmoc-FF molecules held together by T-shaped π−π stacking and stabilized by intermolecular hydrogen bonds. Combining with the XRD pattern of interconnected nanofibers and the molecular organization in Fmoc-FF hydrogel proposed by Ulijn et al., 24 the molecular arrangement in Figure 3c corresponding to the Fmoc-FF nanofibers is organized in an antiparallel β-sheet manner, where the Fmoc moieties of alternate β-sheets are interlocked to generate π-stacked pairs. Furthermore, we explore the role of water during the self-assembly transformation process of Fmoc-FF under the ultrasound irradiation. It is found that all the ultrasound-induced assemblies exhibit pronounced weight-loss steps in their TGA curves around 100°C
, which is ascribed to the removal of water molecules embedded in the lattices ( Figure S4 in Supporting Information), indicating their vital role in the peptide selfassembly process, which is consistent with previous reports. 19, 20 Therefore, the variation of molecular geometries, molecular packing modes, and water content modulated by the sustained ultrasonic stimulus results in the solid−solid phase transformations. Cross-polarized optical microscopy images were further used to track the formation process of Fmoc-FF nanobelts. No obvious anisotropic birefringence was observed for the interconnected nanofibers (Figure 4a) . In sharp contrast, some of the nanoribbons with a large aspect ratio are bright under crossed polarizers (Figure 4b ). When we rotate the relative orientation between the polarizer and sample by 45°, the bright ones become very dark, whereas some original nanobelts turn to be bright. Such optical changes suggest that Fmoc-FF dipeptide molecules are uniaxially oriented within the crystalline nanobelts, thus giving rise to strong optical anisotropy of the nanobelts. Similar periodical birefringence changes appeared for the other nanobelts with different aspect ratios, indicating the emergence of crystalline Fmoc-FF structures (Figure 4c,d) .
We further investigate the molecular interaction and driving forces leading to such phase transitions through UV−vis, FL, FTIR, and CD spectra. Their fluorescence intensity is diminished and red-shifted with increasing time of ultrasound irradiation, further revealing that the aromatic−aromatic stacking interactions are enhanced with persistent ultrasound irradiation. Such enhanced interactions facilitate the formation of a more ordered supramolecular structure. In addition, the CD spectra shown in Figure 5c reveal that all the assemblies obtained during the structural evolution process display two strong bands, namely a negative band approximately at 205−208 nm and a positive band around 194−198 nm. The band around 205−208 nm has been previously observed in cross-β assemblies of peptides such as (FKFE) n and Ac-(FKFK) 2 −NH 2 , which is resulted from π−π stacking of the aromatic side chains or the distortion of the β-sheets. 36, 37 The CD signals between 260 and 300 nm are attributed to π−π* transitions between stacked Fmoc groups with an offset face-to-face manner, which is consistent with the molecular arrangement according to the XRD patterns. 38, 39 Moreover, time-dependent FTIR spectra were employed to explore the change in intermolecular interactions during the transition process (Figure 5d) . A comparison between the starting powder and the as-obtained supramolecular assemblies reveals that the N−H stretching vibration of Fmoc-FF powder at 3305 cm −1 is significantly shifted to the range of 3193−3315 cm −1 . This change indicates the existence of multiple intermolecular hydrogen bonding interactions between Fmoc-FF molecules during the sonication-modulated phase transformation process. In addition to the N−H stretching vibration, the C−H stretching vibration region also changes significantly. Specifically, for the assemblies achieved by sonication within 3 min, the profile of the C−H stretching region becomes broadened compared to the starting powder, revealing various intermolecular interactions involving the C−H groups. It should be noted that the FTIR spectrum of crystallized nanobelts exhibits well-defined C−H stretching vibrations, which further demonstrates a highly ordered molecular arrangement in such structures. Furthermore, the CO stretching vibration can be used as an effective marker for hydrogen bonding. 40, 41 Two typical stretching bands appeared at 1743 and 1702 cm −1 , which are ascribed to the carbonyl C O stretching of the free and intramolecular H-bonded carboxylic acid. The disappearance of the former band and red shifts of the bands after sonication treatment reveal the breakage of weaker intramolecular interactions and formation of stronger intermolecular hydrogen bonding interactions. Therefore, ultrasound not only can destroy weak intra/ intermolecular interactions in a kinetically controlled state but can also facilitate molecular arrangements to form a thermodynamically more favorable state. In addition, the intermolecular laterally bonded and bifurcated carboxyl groups characterized by the band around 1724 cm −1 , allowing the hierarchically oriented organization of the nanobelts. In view of these results, we can conclude that offset π−π stacking along with O−H···O, N−H···N hydrogen bonding interactions dominates the molecular arrangement of crystalline nanobelts.
We have performed additional experiments with variation of ultrasound power, peptide concentration, and the kind of solvents to get better insight into the formation mechanism of nanobelts. First, control experiments were also performed with the ultrasonic power at 200 W, as shown in Figure S5 in Supporting Information. For this case, crystalline nanobelts could also be obtained, but with a small aspect ratio compared to those achieved at 100 W. This may lie in the fact that more bubbles collapse resulting from the increasing ultrasonic power significantly break the hydrogen bonding interaction and promote the hydrophobic and aromatic−aromatic stacking interactions between the thin nanobelts. Next, we investigate the structural evolution based on different peptide concentrations. The results reveal that well-defined nanobelts with increasing lengths and aspect ratios can be prepared, which is due to the accelerated self-assembly and crystallization speed resulting from the increased concentration ( Figures S6 and S7 in Supporting Information). In addition to the ultrasonic power and the amounts of dipeptide, the control experiment was also conducted in PBS buffer to explore the effect of the solvent on the self-assembly transformation process. It can be found that the nanobelts with length ranging from 2 to 5 μm and width around 200 nm were the predominant products ( Figure S8 in Supporting Information). Such phenomena can be ascribed to the enhanced intermolecular hydrogen bonding interaction between dipeptides with the assistance of PBS buffer. Therefore, tunable dipeptide nanobelts can be realized through modulating the parameters of solid−solid transformation selfassembly.
Based on the above results, it can be concluded that different molecular arrangements govern different stages of the sonication-modulated phase transition. Therefore, we suggest a mechanism of formation of the well-defined crystalline nanobelts. Abundant intramolecular hydrogen bonding interactions dominate the starting powder as shown in Figure 3d . Once such a powder is subjected to ultrasound irradiation, the locally high temperature and pressure produced by cavitation effects destroys the weak intramolecular interactions, hence leading to the damage of the molecular packing models in powder. On the other hand, the hydrophobic interactions and π−π stacking are enhanced because of the locally high temperature, which facilitates the quick formation of small nuclei and the further growth into entangled nanofibers. The rapid formation of nanofibers gives rise to a locally high concentration of nanofibers, hence boosting the oriented alignment at the long range and nanofiber bundles because of the competition of translational and rotational entropy in view of Onsager theory. 42 Further growth of such nanofiber bundles generates thin nanobelts through hierarchically oriented organization. Subsequently, these thin nanobelts would stack laterally through the enhanced hydrophobic interactions triggered by the persistent ultrasonic irradiation. Eventually, crystalline nanobelts formed through the hierarchical crystallization because of the balance between the hydrogen bonding and hydrophobic interactions. Overall, the dissolution− reassembly and the hierarchically oriented crystallization process assisted by the local extreme temperature and pressure produced by ultrasonic cavitation is responsible for the altered molecular geometries and intermolecular interactions, which give rise to the formation of dipeptide crystalline nanobelts. The high crystalline order gives rise to the emergence of welldefined peptide nanobelts with distinguished polarized luminescence. Compared to traditional bioimaging agents, especially the organic dyes, 43, 44 the crystalline dipeptide nanobelts can significantly extend their potential application in biological fields because of their remarkable advantages. First, such bioderived nanomaterials possess intrinsic biocompatibility and biodegradability, which reduces the side effects at the greatest extent. Second, the crystalline nanobelts with distinguished polarization emission can monitor the intercellular uptake and fate of nanomaterials with no need of any organic dyes, extremely excluding the interference of organic dyes on the surface property of nanomaterials. Last, the nanobelts exhibit long-term photostability/chemical stability and broad polarization excitation spectra yet narrow emission. Therefore, we attempted to take full advantage of the polarized imaging performance in cells. First, we determined the toxicity of the Fmoc-FF nanobelts to the MCF-7 cells by an MTT assay. The dosage-dependent MTT experiments showed that the cellular viabilities are all higher than 95%, even for the highest concentrations, implying that the nanobelts are not toxic and biocompatible to living organisms (Figure 6a ). It can be accounted for the flexibility endowed by the laminated organization of the nanobelts, 45 which makes them deformable when interacting with the cells. Based on this positive result, we conducted the polarized imaging experiments in MCF-7 cells. Excellent polarized light imaging performance and a clear cell profile demonstrate that Fmoc-FF nanobelts can be used as an effective bioimaging agent in living cells and even organisms (Figure 6b) . It is the first time to apply well-ordered peptide nanostructures for polarization imaging of cells, which gave them a decisive advantage over inspection of the uptake and fate of nanoscale delivery platforms without labeling by fluorescent dyes.
CONCLUSIONS
In summary, we have successfully obtained crystalline dipeptide nanobelts based on the solid−solid transformation selfassembly under ultrasonic irradiation. Such a transformation undergoes a kinetic evolution from irregular aggregates to long nanofibers to flexible nanoribbons and eventually to monoclinic nanobelts, where the involved intermediate assemblies enrich the complexity and functionality. This dynamic process can be considered as an intriguing archetypal model to in some sense resemble the complex biomolecular systems. Distinct molecular interactions at different stages dictate the complex structural evolution process including dissolution−reassembly, and the hierarchically oriented crystallization in that ultrasound destroys and homogenizes the intramolecular/intermolecular interactions and reshapes the molecular arrangement to form the thermodynamically favorable peptide crystal with remarkable anisotropy. As a proof-of-concept study, such crystalline nanobelts exhibit distinguished polarization imaging performance of cells. This strategy could be extended to achieve transitions between self-assembly polymorphs in similar aromatic peptides. Moreover, this finding provides more insights into the kinetic evolution process in real biological systems and establishes a noninvasive and cost-effective method to image live organisms based on nontoxic biomolecules.
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